In this study, a distributed state-of-charge (SoC) balancing control strategy is proposed for output-series, hybrid energy storage, three-port converters (TPCs), to address the problem of SoC and voltage imbalance as well as the power distribution in the series converters. The topology of a single hybrid energy storage TPC is described first. On this basis, a brief analysis on the key operating waveforms with the phase shift plus duty cycle modulation is also presented. The principle of the proposed SoC balancing control strategy for the TPC-based output-series system is then analyzed in detail, including the analysis of battery SoC balancing and supercapacitor SoC self-recovery. By performing generalized averaging modelling, both the output-series converter system model and the control model are established, and the influences of the balancing coefficient on the dynamic behavior and stability of the system are then analyzed. Finally, the simulation validation of the output-series converter system with its SoC balancing control strategy is performed in PLECS, and an experimental prototype of the output-series, hybrid energy storage TPC, is constructed to verify the proposed control strategy in various experimental scenarios.
I. INTRODUCTION
With the fast development of modern power electronic technology and the large-scale applications of renewable energy generation, DC power systems have received extensive attention owing to their increased system efficiency, simple topology, and control methods [1] , [2] . In addition, the voltage and power levels of various DC applications, including electric ship [3] , integrated renewable energy [4] , and hybrid energy storage systems (HESS) [5] , are continually increasing. Therefore, research studies on medium-voltage (MV) DC-DC converter topologies and coordinated system control strategies are of great significance.
In DC power systems, DC-DC converters are used to achieve voltage level matching and efficient energy transfer in different power ports. Accordingly, these converters have a huge impact on the performance of DC power systems.
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Compared with the traditional, independently interfaced converters, the multi-port phase-shift converters require fewer power devices and energy conversion stages [6] , [7] , and they have been extensively used in DC power systems. In [8] , [9] , a three-port phase-shift converter with interleaved buck-boost circuits at the primary sides was proposed to realize power transfer within the renewable source, energy storage, and the DC load. A bidirectional isolated phase shift converter was studied in [10] for a HESS. High-efficiency power transfer among the hybrid energy storage elements and a DC load was achieved by employing the phase-shift control.
To achieve higher voltage levels, modular multilevel converters (MMC) have been extensively applied in large-scale photovoltaic systems [11] , and in hybrid vehicles [12] , given their increased modularity and simple structures [13] , [14] . Compared with MMC, Dual-active-bridge (DAB)-based MV converters have higher power transfer efficiencies and lower loop losses [15] , [16] . A DAB-based DC-DC converter with a high-frequency chain was proposed in [17] that VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ realized the high-efficiency power transfer of MV DC (MVDC) distribution networks. The input-parallel, outputseries, DAB-based converter was studied in [18] . This converter was suitable for low-voltage input and high-voltage output applications, and could realize broad soft-switching ranges as well as increased efficiencies. It is clear that the DAB topology has advantages in its circuit characteristics and control methodology, and can be easily extended to a multiport topology that is suitable for the various applications such as HESS. For DC power systems, sudden changes and load switching may cause serious power fluctuations that pose threats to the system's stability [19] . To deal with this problem, HESS consisting of batteries and super-capacitors (SCs) are recommended to be configured [20] . On this basis, some power sharing control methods are proposed to realize reasonable power allocation according to the corresponding characteristics of the energy storage elements (ESE). In [21] , a distributed HESS power sharing control method was proposed to decompose the power requirement into low-frequency and high-frequency components. Additionally, an integral droop control method was proposed which was inspired by the charging/discharging characteristics of the capacitors [22] . In [23] , the HESS control method was based on a highpass filter, and a virtual capacitor was proposed to realize autonomous power allocation and SoC recovery in a simple and effective way.
In the MVDC power system, the voltage level can be raised by directly connecting the ESE or connecting their DC-DC interface converters in series. However, owing to the parameter variation of different ESE, the state-of-charge (SoC) of battery cells or SC cells connected in series may diverge from each other. This may cause additional overcharge or over-discharge, and ultimately affect the overall utilization rate of the ESE and the stable operation of the system [24] , [25] . To address the ESE SoC imbalance issue, a variety of SoC balancing schemes have been presented, which can be classified into dissipative and non-dissipative balancing schemes. The former adopt high-precision power resistors to absorb the excess energy from the components that have higher SoC [26] . This scheme is easy to implement, but increases the heat loss of the system and reduces the system efficiency. The non-dissipative balancing schemes achieve SoC balancing by adding additional auxiliary circuits or control strategies. In [27] - [29] , several auxiliary circuits based on switched capacitors or multi-winding transformers were presented to achieve SoC balancing by transferring the excess energy among the ESEs. However, these balancing schemes are only suitable for the case where the ESE are directly connected in series, whereby additional auxiliary circuits become necessary as the number of ESE increases.
Some scholars have proposed SoC balancing ESE schemes from the perspective of system control strategies in the case of the output-series structure of the DC-DC converters that are interfaced with ESE. In [30] , a dual-loop control strategy that can simultaneously achieve SoC balancing and output voltage regulation is proposed for distributed energy storage systems. By using the control strategy, the output voltage of a single converter is regulated according to the corresponding battery's SoC, and the total output voltage of the series-connected system remains constant. Similarly, a control strategy used to achieve SC SoC balancing and bus voltage regulation based on the introduction of a lowbandwidth voltage control loop into the main control loop was proposed in [31] . Additionally, a master-slave control strategy was presented in [32] for cascaded energy storage systems. According to this control strategy, the SC control loop with higher SoC will generate a larger current reference, and will thus increase the current by reducing the duty cycle until the SoC of different modules is balanced. However, the control strategies mentioned above are proposed for the modular series connection of two-port converters based on the half-bridge topology. In view of the increasing applications of three-port converters in DC power systems, as interface converters in HESS, and in renewable power systems, the study of the SoC balancing control strategy of ESE for the outputseries, three-port converter (TPC), is thus essential.
In MVDC power systems, output-series, hybrid energy storage TPC may encounter SoC problems and voltage imbalances, and may exhibit an unreasonable power distribution. However, the number of research studies on these issues is limited. Correspondingly, an increasing amount of recent publications have been focusing on SoC balancing based on the series connections of two-port converters. In this study, a SoC balancing control strategy is proposed for output-series HESS TPC. Based on virtual impedance control, the control strategy introduces the outer SoC balancing loop. Accordingly, the SoC of the batteries can then be balanced with phase-shift and duty cycle control schemes, thus ensuring the regulation of the system's voltage. Additionally, when the load of the DC power system changes, the battery and the SC can respectively respond to the low-and high-frequency parts of the transient power. When the load is stable, the selfrecovery of the SC SoC can be achieved as well.
The rest of the study is organized as follows. The operation principle of hybrid energy storage TPC is investigated in Section 2. Section 3 presents the SoC balancing control strategy of the output-series system based on the TPC which is analyzed in Section 2, and the balancing principle and equivalent control circuit are discussed in detail. Meanwhile, a stability analysis of the proposed control strategy is also conducted. Simulation verifications and the experimental results of different operation scenarios obtained from the prototype are presented in Section 4. Finally, Section 5 summarizes the study and outlines the conclusions.
II. BASIC ANALYSIS OF THE HYBRID ENERGY STORAGE TPC
The hybrid energy storage TPC shown in Fig. 1 is adopted in this study. Based on the DAB converter, the buck-boost circuit is integrated at the secondary side with an interleaved structure. The high-frequency transformer realizes energy transfer between ports #1 and #3, while port #2 exchanges energy with port #3 through an integrated bi-directional buckboost circuit. According to the TPC topology, the phase-shift and duty cycle modulation method can be used to achieve independent energy transfer among different power ports.
Furthermore, when the TPC is applied to HESS, port #1 can be connected to the battery cell, and ports #2 and #3 are respectively connected to the SC and the DC bus/load. In Fig. 1 , S1-S8 are power IGBTs, v ba , v sc , and v o , respectively represent the voltages of the battery, SC, and DC load, i ba , i sc , and i o , are the respective currents flowing through the corresponding power ports. In addition, i Lk , i L1 , and i L2 , are the currents of the power inductor L k and the interleaved inductors L 1 and L 2 . C 1 , C 2 , and C o , represent the capacitors for each port. Accordingly, N 1 and N 2 are the transformer turns, and R is the DC load.
As shown in Fig. 2 , the basic operation waveform of the hybrid energy storage TPC is given according to the phaseshift and duty cycle modulation method and the switch states of the TPC. The symbols v AB and v CD denote the midpoint voltages across the bridge arms. It can be observed that the phase-shift control scheme is performed on the primary switches S1-S4. Therefore, two high-frequency square waves with a phase deviation φ are generated on the bridge arms of the two sides, and the power transfer between the primary and secondary sides is realized by the square wave voltage that acts on the power inductor L k . Additionally, the control of the duty ratio D is performed on the secondary side switches S5-S8 to realize the energy exchange between the two ports at the high-voltage side. In addition, owing to the interleaved parallel structure, the current ripple of the SC port can be reduced.
III. PRINCIPLE OF THE PROPOSED SOC BALANCING CONTROL STRATEGY FOR OUTPUT-SERIES TPC A. BASIC CONFIGURATION OF OUTPUT-SERIES TPC
To meet the voltage level of the MVDC power system, several hybrid energy storage TPCs are employed to obtain the output-series system, as shown in Fig. 1 . In the HESS, battery cells are supposed to act as the main power provider in steady state. Thus, the SoC imbalance between different batteries should be taken into consideration for series-connected systems as this may lead to unstable system operation. However, the SC in HESS only provides transient power when load changes and the output power is zero in steady state. Thus, the SoC self-recovery after load switching is the control target for the SC. In view of the above analysis, this study proposes an effective distributed SoC balancing control strategy based on the virtual impedance power distribution method to meet the following control requirements:
• The output voltage regulation of the output-series converter system during the balancing process
• Battery SoC balancing and SC SoC self-recovery • Coordination of balancing and power distribution control The block diagram of the proposed balancing control strategy for the output-series hybrid energy storage TPCs is as shown in Fig. 3 . The overall control scheme mainly includes the SoC outer balancing, phase-shift voltage regulation, duty-cycle voltage regulation, and virtual impedance control loops. For the SoC outer balancing loop, the battery SoC value is firstly detected according to its voltage and current. After comparing it with the SoC reference, the SoC regulator outputs the control variable to adjust the voltage reference of each converter, thereby achieving balancing control of the battery SoC.
For the inner loop, the phase-shift regulator and duty-cycle regulator achieve power transfer within the battery, SC, and output ports, by controlling the phase shift angle and duty cycle. Additionally, the virtual impedance power distribution, which consists of the virtual inductor control and the virtual capacitor control, is also included. This scheme can achieve a reasonable power distribution for each battery and SC in all hybrid energy storage TPCs.
B. ANALYSIS ON THE PROPOSED SOC BALANCING CONTROL STRATEGY
In view of the analysis presented above, the equivalent circuit of the proposed control strategy with two TPCs can be obtained as shown in Fig. 4 . It can be observed that the SC control loops are disconnected in steady state owing to the virtual capacitor control which makes it possible to realize SoC balancing in the battery control loop. In transient states, the battery cells compensate for the low-frequency part of the load power demand with the control of virtual inductors, while the SCs compensate for the high-frequency part. Meanwhile, the battery SoC balancing continues and is not affected by the power distribution control.
For the battery control loop, the output voltage reference of a single converter v * hbai can be expressed as follows:
where v ref is the initial output voltage reference of the converter, while v hbai is the modified voltage reference based on the SoC balancing control in the i-th battery control loop, and i bai represents the battery output current of the i-th converter. In addition, L v is the virtual inductance, and k represents the balancing coefficient. SoC i is the battery's SoC in the i-th converter and SoC ref is the average value of all the battery SoCs in the series-connected TPC, and is formulated by (2) . The output voltage regulation of the series-connected TPC can be ensured as the system voltage reference is always constant during the balancing process, as expressed by (3).
Furthermore, the principle of the proposed SoC balancing control is explained in detail. Combined with the equivalent circuit in steady state shown in Fig. 4(a) , and considering two battery cells with different SoC values (with SoC 1 >SoC 2 ), the corresponding output voltage reference v hba1 will be greater than v hba2 according to (1) . Therefore, TPC #1 tends to provide an increased output power than that of TPC #2 as the output current is the same for both converters in the series structure. Accordingly, this increases the discharge speed of battery #1 and eventually realizes SoC balancing. In addition, the balancing coefficient k has considerable influence on the balancing performance and the stability of the system's operation. As shown in Fig. 5 , the difference of voltage reference v hbai will be increased at larger k values. At the same time a bigger phase shift difference of the two converters can be obtained, which accelerates the balancing speed of the battery's SoC. However, the voltage deviation would be too large to maintain a stable operation of the system connected in series as coefficient k increases. Thus, a trade-off on the k should be made to achieve a good balancing performance and a stable operation during the balancing process.
Moreover, the effectiveness of the balancing control is further analyzed. Assume that the two battery cells are both identical. Therefore, the capacity Q BA1 = Q BA2 = Q BA . Based on (1) and (2), the output voltage imbalance during the SoC balancing process can be expressed as:
The SoC estimator defined in (5) is employed to compute the battery SoC. Considering that the SC port has no output power in steady state owing to the virtual capacitor control, the output power of the battery port should be equal to the load power, i.e.,
Combined with (4) and (5), the differential equation with respect to v o can be obtained in accordance to (6) .
Solution of the first-order differential equation leads to:
Therefore, it can be easily inferred that both the SoC and voltage imbalance will be reduced according to a first-order time response, and the convergence time decreases as the balancing coefficient k increases. Thus, a larger k is beneficial in enhancing the SoC balancing speed.
The analysis listed above was conducted with identical battery cells, while it is inevitable to have parameter inequalities among different batteries which may influence the balancing performance. Hence, the output voltage and SoC imbalance at steady state caused by the capacity inequality was evaluated. According to the SoC definition in (5) , the SoC imbalance can be described as:
After differentiating both sides of the equation, it can be derived that:
It can be found that when the system works at steady state, that is, d SoC/dt = 0, the output voltages of the two TPCs satisfy v o1 Q BA2 = v o2 Q BA1 . Additionally, the voltage imbalance error in steady state can be further expressed as:
where
From the equation derived above, it can be observed that a voltage error could be introduced by the inequality of the battery capacity in steady state that leads to the balancing error of the battery's SoC expressed as:
According to (11) and (12), the accurate SoC balancing in steady state can only be obtained when Q BA1 = Q BA2 , while a minor mismatches are also inevitable. Therefore, a relatively large balancing coefficient k should be chosen to reduce the effects of this capacity inequality.
Furthermore, the SC control loop and the principle of the self-recovery of the SoC of the SC are analyzed next. The output voltage reference v * hsci of the SC control part can be obtained based on the virtual capacitor control scheme as:
where i sci is the SC output current of the i-th converter and C v represents the virtual capacitor. As shown in Fig. 4 , the SC control loop is disconnected in steady state and the voltage drop on the virtual inductor of the battery control loop is nearly zero. Therefore, the following equation can be obtained:
When the battery's SoC balancing state is achieved, v hbai = v ref . Moreover, this state can also be achieved with v * hsci = v ref . Finally, we can obtain:
According to the definition of the SoC of the SC, the SoC variation of SC during the period of the battery's SoC balancing process can be derived as:
where Q sc is the capacity of the SC. It can be concluded from the equation above that the self-recovery of the SoC of the SC can be realized with virtual capacitor control and without any additional control.
C. STABILITY ANALYSIS OF THE PROPOSED CONTROL STRATEGY
To analyze the dynamic performance and stability of the proposed SoC balancing control strategy applied in the outputseries, hybrid energy storage TPC, generalized averaging modelling was performed. To derive the small-signal model of the control part, the modified output voltage reference v hbai can be further expressed as:
Substitution of the perturbation in (5) and (17) yields: Combining (18) and (19), the small-signal model of the SoC balancing control strategy can be obtained according to:
According to the control diagram in Fig. 3 , the simplified control loops for the battery and SC ports of the i-th TPC are both presented in Fig. 6 . The transfer functions G φ_v , G v_iBA , G d_v , and G v_iSC , can be obtained from the derived mathematical model of the series-connected system in MATLAB. G φ_v and G d_v represent the transfer functions from the phase shift φ i and duty cycle D i to the output voltage v oi . G v_iBA and G v_iSC are the transfer functions from v oi to the port currents i sci and i bai . Therefore, the closed-loop transfer functions of the two control loops can be respectively derived by (21) and (22) .
The transfer function of the inner loop G BA_inner is expressed as:
where K pv1 and K iv1 , and K pv2 and K iv2 , represent the parameters of the proportional integral (PI) controllers. SoC is the difference of SoC i and the reference SoC.
The closed loop pole-zero distribution diagram of G BA_φ is depicted in Fig. 7 , with the balancing coefficient increasing from 0.1 to 1. The non-dominant poles and zeros that are far away from the imaginary axis are not considered as they have little impact on the system's performance and stability. It can be concluded that the increase of k leads to the migration of the poles to the real axis which shows that the response speed of the system can be improved at larger k values. However, the poles on the right plane increase the balancing coefficient and weaken the system's stability.
IV. SIMULATION AND EXPERIMENTAL RESULTS
To verify the SoC balancing control strategy for output-series hybrid energy storage TPC, a simulation model is built in PLECS with two TPCs connected in series. The simulation parameters were set as follows: v ba1 = v ba2 = 24 V, v sc1 = v sc2 = 200 V, n 1 = n 2 = 25/3, a switching frequency f = 40 kHz, load resistor R = 400 , and a voltage reference v ref = 400 V. The SoC of two battery cells were SoC 1 = 0.9 and SoC 2 = 0.85. It can be observed from the SoC waveform of the two battery cells in Fig. 8(a) that the higher SoC drops faster compared to the lower one and eventually becomes equal after the balancing control is introduced at t = 1.2 s. Additionally, the output voltages of two converters also tend to be equal, and the system output voltage remains constant at 800 V throughout the balancing process.
To confirm that the power distribution control of the hybrid energy storage components is not affected during the SoC balancing process, the simulation verification of the outputseries converter system with load switching is performed as shown in Fig 9. For Fig. 9 (a)-(c), the load is switched between R = 400 and R = 300 . Based on the waveforms of the battery and SC currents, it can be observed that the power distribution of HESS can be realized, that is, the battery responds to a low-frequency power demand, while the SC responds to a high-frequency part. This indicates that the battery balancing and power distribution control can work in coordination. Moreover, the simulations at decreasing loads from R = 400 to R = 250 and finally at R = 200 was also conducted. As shown in Fig. 9(d) and 9(f), a good system voltage regulation performance is achieved even with large load changes, while concurrently balancing the battery's SoC. In addition, it can be found that the SC will be charged or discharged after load switching to realize its SoC self-recovery.
An experimental prototype of output-series hybrid energy storage TPC was then built to further verify the proposed SoC balancing control strategy. The prototype configuration and system parameters are respectively shown in Fig. 10 and Table 1 . The experiment was carried out with two TPCs connected in series. Among the power ports, port #1 of each converter was connected to a 24 V lead-acid battery, and port #2 was connected to a 90 V SC pack (which consisted of two SCs connected in series with rated voltages of 47.5 V). For port #3, a Chroma 63804 programmable DC electronic load was used as the local load at the secondary side. The corresponding control model was established in PLECS, and realtime control could be realized by downloading the control model to the rapid control platform RT Box.
At first, the SoC balancing control of the series-connected system was verified when the load was kept stable. Given that the output power of the SC ports was close to zero at steady state, only the battery ports provided the energy required by the load side. Thus, the SoC imbalances of different battery cells were considered. The SoC values of the two battery cells were SoC 1 = 0.77 and SoC 2 = 0.72, and the load resistor was 1000 . Fig. 11(a) and (b) show the waveforms of the battery's SoC and the output voltage of each converter with the proposed balancing control strategy. It can be observed that the output voltage of converter #1 is larger because the SoC of battery #1 is higher than that of battery #2. Thus, converter #1 will output more power to achieve a fast discharge speed until the balancing is realized. Meanwhile, the output voltages of the two converters tend to equal the balancing of SoC, and the output voltage of the output-series converter system is always kept at the reference value within the entire control process.
Furthermore, the coordinated operation of the SoC balancing control and the virtual impedance power distribution control was verified when the load was switched between R = 1000 and R = 500 . It can be observed from Fig. 12(a)-(d) that the battery SoC balancing process remained stable before and after the load switching process, and that good voltage regulation performance was obtained for the series-connected system. Fig. 12 (e)-(h) shows the waveforms of the battery and SC currents and the corresponding details during the load switching process. It can be observed that the battery currents gradually become equal during the balancing process, thus indicating that the SoC is gradually becoming balanced. Meanwhile, the battery and SC can effectively and respectively respond to the low-frequency and high-frequency parts of the load power changes.
The experimental waveforms for continuous load increases are presented in Fig. 13 to further verify the SoC balancing and output voltage regulation performance. The load resistance varied between 1000 , 500 , and 300 , the corresponding power increased from 160 W to 320 W, and eventually reached 533 W. As shown in Fig. 13 , the output voltage regulation of the output-series converter system can be ensured with dramatic load changes, and remains at 400 V. Moreover, the SoC balance of the battery cells and the SoC self-recovery of the SC can also be realized, which is consistent with the theoretical analysis and simulation results.
Moreover, the power inductor currents and driving waveforms of both the primary and secondary sides during the balancing process are illustrated in Fig. 14. Given that the battery SoC of converter #1 is larger, the output voltage and power should be higher than that of converter #2 according to the proposed balancing strategy. Thus, it can be found from the results that the phase shift angle φ 1 = 0.12π and duty cycle D 1 = 0.6 of converter #1 were both larger than those for converter #2 (φ 2 = 0.1π and D 2 = 0.52), which were consistent with the theoretical analysis.
V. CONCLUSION
This study aimed to resolve the problem of the SoC imbalance of different energy storage units in output-series HESS TPCs. Accordingly, it proposed a distributed SoC balancing control strategy based on virtual impedance control that concurrently realized the battery SoC balancing and the self-recovery of the SoC of the SC. Meanwhile, the system voltage regulation and output voltage balancing of different TPCs were ensured. The operation principle of a single TPC was described briefly, and the system configuration with its coordinated control strategy was analyses in detail by studying the effects of the balancing coefficient on the SoC balancing performance. A larger balancing coefficient was beneficial in the enhancement of balancing speed, but decreased the stability of the control system. In addition, generalized averaging modelling was performed to derive the closed-loop transfer functions of the output-series converter system in association with the proposed control strategy, followed by the analysis of the influence of the balancing coefficient. The proposed balancing control strategy was easily implemented and could work in coordination with the virtual impedance control to realize both SoC control and the power distribution of batteries and SCs.
APPENDIX
In this section, the modeling of the output-series hybrid energy storage system with two TPCs is carried out. The batteries and SCs are both modeled as ideal voltage sources with series resistances. The voltages of capacitors v C1−1 , v C1−2 , v o1 , v C2−1 , v C2−2 , v o2 and the currents of inductors i L1−1 , i L1−2 , i Lk1 , i L2−1 , i L2−2 , i Lk2 are considered as state variables, as shown in Fig. 15 . The corresponding state equations in one switching cycle can then be established. Take the inductor L 1−1 as an example, there are only two conditions of the voltage across L 1−1 in one cycle: when S 1−5 is turned on, the voltage is clamped at v C1−2 -v o1 while the voltage is equal to v C1−2 when S 1−6 is turned on. Therefore, the time-varying state equation of i L1−1 can be obtained:
where s 1 (τ ) is a switching function that can be expressed as:
where D i represents the duty cycle of switching devices in secondary lower arms of i-th converter and T is the time of one switching cycle. τ represents the time in one cycle, with reference to the rising edge of S 1−8 . Based on the similar analysis, the time-varying state equations of other state variables can be obtained. Due to limited pages, only the state equations of TPC #1 are listed:
where the switching functions s 2 (τ ), s AB (τ ), s CD (τ ) are
Moreover, the averaging method that approximates the state variable with its Fourier series is adopted to obtain the linear time-variant model of the output-series converter system. Since the currents of the power inductor L k1 / L k2 in the output-series converter system only contain pure AC VOLUME 7, 2019 component, that is, the DC component is zero, the terms with sequence number k s = 0 and k s = ±1 in the Fourier series are selected to approximate the currents. For the other state variables, only the term with k s = 0 is considered. To simplify the calculation, let
Combined with the state equations obtained above, the twelve-order model of the output-series converter system can be obtained:
d dt
The expression of Ai is shown in (A-12), as shown at the below of this page, and the subscripts 1R and 1I represent the real part and the imaginary part of the terms with k s = 1 respectively. Meanwhile, the state equations of interleaved inductors in the same TPC are combined into one equation.
To further obtain the small signal model, the system is perturbed around a stable operating point:
Substituting (A-13) into (A-11) and the second-order terms are neglected to linearize the system. The small-signal model can then be derived by separating the DC and ac parts of the linearized model, as shown in (A-14).
The expression of E i is shown in (A-15), as shown at the below of this page.
According to modern control theory, the transfer function of the system can be obtained:
where A and E are coefficient matrices in (A-14), C and I are unit matrices.
It can be seen from (A-14) that there are eight control variables of the output-series converter system in the small signal model. By letting seven of them zero, the transfer function of a single input control variable to the state variable can be obtained. For example, the transfer function of the duty cycle ϕ i to v oi can be expressed by (A-17), thus the transfer functions of other state variables can be obtained in a similar way. His research interests include topology and control of DC-DC converters in DC power system, and so on. 
